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ABSTRACT 
A novel transparent electrode system has been developed for thin film electroluminescent displays in which the poor 
conductivity ofthe indium-tin-oxide (ITO) electrodes has been augmented by high-conductivity buses of thick aluminum 
or silver. The augmented electrode system consists of patterned ITO electrodes, 200 Fm wide, centered over narrow alumi- 
num or silver lines 40 ~m wide and separated by an intermediate diffusion barrier film of titanium to promote adhesion to 
the ITO and prevent blackening of the main ITO electrode by interfacial reactions. The sheet resistances ofthe augmented 
ITO electrodes (A1-Ti-ITO and Ti-Ag-Ti-ITO) were lowered by two orders of magnitude r lative to the unaugmented ITO 
electrodes, yielding absolute values on the order of 0.1 ~/s. 
Indium-tin-oxide (ITO) is the most widely used material 
for the transparent electrodes in alternating current-thin 
film electroluminescent (ACTFEL) displays (1-3). Speed 
and brightness uniformity depend critically on ITO line re- 
sistance, particularly for large-area displays. Even with in- 
tegrated ITO lines, a 'zebra' pattern of brightness contrast 
occurs due to high line resistance. Therefore, to achieve 
higher conductivity of the transparent electrodes in 
ACTFEL panels, a structure was developed in which the 
low-conductivity ITO electrodes were augmented by 
buses of thick, narrow, high-conductivity metals. Not only 
would higher conductivity transparent electrodes reduce 
line delay in larger panels, but they would reduce the 
power consumption i these low current-high voltage de- 
vices and increase the brightness of existing displays by 
allowing them to be driven at much higher frequencies (4). 
Currently, ITO electrodes exhibiting >85% transmission 
in the visible spectrum and sheet resistances of 5-20 ~/[] 
are possible, with film thicknesses greater than 500 nm (5). 
However ,  when ITO film thicknesses in the range of 100- 
150 nm are employed ,  the sheet resistance increases to lev- 
els of 30-90 ~/[~ (6). Since sheet resistances on the order of 
1 ~/[~ are necessary for large-area displays, only very thick 
ITO lines will yield the desired properties. This is due  in 
part to the dissipation caused by  capacitive currents in 
highly resistive material. These  thick lines lead to dielec- 
tric b reakdown at the edges of the patterned ITO due  to 
enhanced  field effects and  poor  step edge coverage of the 
overlying films in the ACTFEL  stack (7). A cross section of 
a typical pixel in an  ACTFEL  device, indicating where  
breakdown is likely to occur, is shown in Fig. i. To  avoid 
premature  breakdown at step edges, Ketchpel  and  Wu (7) 
employed  a thick film aperture layer-bus rail structure for 
the rear a luminum electrode. A thick film insulator layer, 
aligned over the step edge, removed the parallel bus rail 
conductor  in this structure f rom the high electrical field 
applied to the emitter. Our  augmented  electrode structure 
differs f rom this one in that a t renched metal  bus rail was  
fabricated within the surface layers of the glass. 
The  augmented  electrode structure deve loped to 
achieve higher conductivities is shown in Fig. 2. Here, low 
conductivity ITO electrodes 200 ~m wide  were  centered 
over 40 ~tm wide  metal  bus  lines. The  electrode structures 
evaluated in this study included ITO, AI- ITO, AI-Ti-ITO, 
Ti-Ag-ITO, and  Ti-Ag-Ti-ITO. To  prevent interdiffusion of 
the aluminum/si lver and  ITO during subsequent  heat- 
treatment steps, and  to promote  adhes ion of these metals 
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to the glass and ITO, intermediate hin films of titanium 
were employed. Blackening of the transparent ITO lines 
has been observed during the deposition of dielectrics 
onto ITO (8). Here, the reduction of ITO occurs by dis- 
placement reactions with metals that form more stable ox- 
ides than indium oxide and tin oxide at the deposition 
temperature. Consequently, another ole of the interme- 
diate barrier film is to minimize the formation of insulating 
oxide films between the ITO and the bus metallization. 
These oxide films could lead to undesirable contact resist- 
ances and higher sheet resistances for the composite lec- 
trode structure. 
Titanium was first proposed as a contact material be- 
tween A1 and Si in 1972 and was reported to have good dif- 
fusion barrier properties (9). However, this titanium metal- 
lurgy produced interfacial reactions with A1 which 
consumed the thin Ti layers at elevated temperatures and 
resulted in the formation of TiA13 intermetallics (10). It was 
reported in this study that annealing at 500~ consumed as 
much as 1500/~ of t itanium in 30 min. In a more recent 
study of the electrical properties of this A1/Ti contact met- 
allurgy (11), the contact resistance increased with increas- 
ing annealing temperatures, suggesting that the growth of 
this TiA13 intermetallic layer was a function of time at tem- 
perature. Therefore, if a thin layer of titanium is to be used 
as a diffusion barrier between the aluminum bus metal 
and ITO, it must be thick enough to survive any subse- 
quent annealing steps. 
Historically, the system Ag-Ti and later Ag-Pd-Ti was 
used extensively as the metallurgy for high-intensity solar 
rear aluminum eleclrode 7
~ dieleclric/~ and ~,  phosphor x, ~ 
/ I T0  eleclrode~ 
Corning 7059 glass substrate 
Fig. 1. Cross section of an ACTFEL thin film stack at a pixel. 
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200 pm wide transparent ITO electrode 
(I ,500 )~ thick) X~ 
[ Ti d i ; fus~on 'bar r " ie r " "~ . . . . . .  " ' "  . . . .  x-,-~ \ 
| 40 pm wide conductive metal bus 
(2,500)~ - 10,000 ~, thick) 
Corning 7059 glass 
Fig. 2. Cross section of augmented electrode structure formed in 
Coming 7059 glass. 
cell contacts (12-14). Here, the titanium was used to make 
an adherent contact o silicon by virture of its affinity for 
oxygen and any native oxides on the silicon. It also served 
as an effective diffusion barrier to palladium and silver mi- 
gration. The palladium was used to buffer galvanic orro- 
sion between the titanium and silver layers and thus was 
not necessary, at least initially, in the present study where 
a high-conductivity metal bus was used to augment he 
low conductivity of the ITO lines. A thin titanium layer up 
to 1500/~ was therefore mployed as a diffusion barrier for 
both the aluminum bus metallizations and the silver bus 
metallizations used in this study. 
The structure shown in Fig. 2, used to achieve higher 
conductivity transparent electrodes, required trenches for 
the thick, narrow metal buses to avoid undesirable surface 
topography and associated breakdown at step edges. Both 
wet chemical etching and dry etching were used to form 
the trenches in Corning 7059 glass, a common substrate 
material used for large-area ACTFEL displays. In this way, 
the recessed metal lines permitted the use of thinner 
1000 A ITO electrodes, thereby improving the surface to- 
pography at ITO step edges and the transmission of light 
through the electrode. Narrow metal bus lines were em- 
ployed in this structure to maximize the active pixel area 
for light emission and yet carry sufficient current o aug- 
ment the conductivity. With the augmented electrode 
structure shown in Fig. 2, sheet resistances on the order of 
0.1 ~/D were achieved, which represents an increase in 
conductivity of two orders of magnitude relative to the 
unaugmented electrodes. The processing sequence used 
to fabricate the augmented ITO electrode structure and 
the electrical characterization f these novel electrodes are 
presented. 
Exper imenta l  
All thin films including ITO, aluminum, titanium, and 
silver were deposited by RF sputtering at room tempera- 
ture using an MRC Model 822 sputtering system. The ti- 
tanium diffusion barrier film was deposited irectly onto 
the aluminum and silver bus lines without breaking vac- 
uum to minimize the formation of unwanted oxides be- 
tween the metals. An ITO sputtering target having a nom- 
inal composition of 10 mole percent (m/o) SnO2 and 90 m/o 
In203 was obtained from CERAC, Inc., and was used for all 
ITO depositions. An aluminum sputtering target 99.9999% 
pure fabricated by ALCOA, Inc., a titanium sputtering tar- 
get 99.99% pure fabricated by MRC, Inc., and a 99.9% pure 
silver target were used for all metal depositions. 
The titanium was not only used as a barrier film but was 
also used to promote adhesion to the ITO and to the Corn- 
ing 7059 glass for the silver metallization. Five different 
electrode structures were investigated in this study: ITO, 
AI-ITO, A1-Ti-ITO, Ti-Ag-ITO, and Ti-Ag-Ti-ITO. The aug- 
mented electrode structures were vacuum annealed in the 
load lock of the sputtering chamber, operating at a back- 
ground pressure of 2 • 10 _3 torr. Annealing temperatures 
between 200 and 400~ were employed to improve the con- 
ductivity of the ITO and stabilize the films. 
The glass substrates used in this study were commer- 
cially available Corning 7059 electronic grade glass, com- 
monly used for electroluminescent displays. Wet etching 
of this glass in the as-received condition was initially at- 
tempted to produce the trenched structure shown in 
Fig. 2. However, nonuniform etch rates and extremely 
shallow sidewall angles were observed. This etching be- 
havior was attributed to residual stresses that exist within 
the surface layers of the glass. Consequently, a series of 
heat-treatments in air was undertaken to relieve these re- 
sidual stresses. Annealing temperatures between 300 and 
700~ for 1 h were investigated for this purpose. An opti- 
mal annealing temperature of 650~ was obtained to maxi- 
mize stress relief, minimize phase separation of a barium 
oxide-rich phase in the glass, and minimize warpage of the 
glass. The annealing process was therefore used to opti- 
mize the sidewall angle of the trench. The optimal anneal- 
ing temperature produced a trench sidewall angle of 45 ~ 
suggesting isotropic etching behavior. 
Buffered HF solutions, ranging in composition from 1:2 
to 1:10 (HF:NH4F), were used to produce the trenches in 
the Coming 7059 glass. Only semiconductor-grade ch mi- 
cals were used for this purpose. An etching solution of 1:8 
(HF:NH4F) produced etch rates of 100 nm/min and trench 
sidewall angles of 45 ~ , without attacking the positive 
photoresist and the overhang necessary for lift-off. Aug- 
mented electrode structures having trench depths of 0.25, 
0.5, and 1.0 ~tm were fabricated in this study. Alternatively, 
argon ion milling was used to trench the glass substrates 
and obtain vertical sidewalls. Ion milling was conducted in 
a Veeco 10 in. Microetch system, operated at normal beam 
incidence with substrate rotation. The trench shape, side- 
wall angles, and dimensions were characterized by scan- 
ning electron micrographs (SEMs) taken in cross section 
and by profilometry. 
Trench lines were patterned in positive photoresist on 
the  glass substrate and were used for both trench etching. 
and self-aligned metal deposition. A second mask level 
was used to define the ITO lines which were centered over 
the metal bus lines. Prior to spin coating of the AZ 1350J 
positive photoresist, the glass substrates were cleaned 
using a standard Corning detergent clean followed by an 
oxygen plasma clean for approximately 15rain. Spin 
coating parameters were adjusted to obtain a resist thick- 
ness of 2.2 ~m. The following fabrication process was used 
to produce the augmented electrode structures with self- 
aligned trenches: (i) cleaning of the Corning 7059 glass 
substrates, (ii) photoresist patterning of the glass for metal 
trenches--level 1, (iii) wet or dry etching of the patterned 
glass to form trenches, (iv) trench fill with bus metalliza- 
tion, (v) lift-off of metal, (vi) photoresist patterning of the 
glass for wide ITO lines--level 2, (vii) ITO deposition, (viii) 
lift-off of ITO, and (ix) heat-treatment of electrode struc- 
ture in vacuum. 
The test structures used for electrical characterization f 
the augmented transparent electrodes are shown in 
Fig. 3a-d. The structures shown in Fig. 3a and c are process 
(a) 
(d) 
40 Frn 200 ~m 
] :  ITO 
[ ]  = Bus I'letal 
Fig. 3. (a-d) Test patterns used for the electrical characterization of 
the augmented transparent electrode structures: (a) and (c) are process 
monitors used to follow sheet resistance of the bus metal and ITO; (b) 
is the test structure used to determine the sheet resistance of the com- 
posite electrode; and (d) is the test structure used to measure the con- 
tact resistance between the bus metal and ITO. 
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monitors used to follow the sheet resistance of the bus 
metallization and ITO, respectively. Here, van der Pauw 
patterns were selected for this purpose. Figure 3b shows 
the four-point est structure used to evaluate the sheet re- 
sistance of the composite lectrode, and Fig. 3d shows the 
test structure used to evaluate the contact resistance be- 
tween the bus metal and the ITO. The measured contact 
area for this test structure was 1.6 x 103 ~m 2. A modified 
four-point probe technique was used for all sheet resist- 
ance determinations. 
Results and Discussion 
Process characterization.--The as-received Corning 7059 
glass which was used as the substrate material for the aug- 
mented electrode structure exhibited considerable resid- 
ual stress. A rolling process was used to fabricate the 7059 
glass, which produced residual compressive stresses in the 
surface layers of the glass. These stresses manifested 
themselves in the glass by severe undercutting of the 
photoresist and enhanced lateral etching. An SEM micro- 
graph of a wet-etched trench formed in the as-received 
7059 glass is shown in Fig. 4. Little vertical etching as ob- 
served here and a trench sidewall angle of less than 2 ~ was 
produced. Subsequent annealing of the as-received glass 
for one hour at temperatures between 300 and 700~ im- 
proved the sidewall angle of the trench. An SEM micro- 
graph of a wet-etched trench formed in annealed 7059 
glass is shown in Fig. 5. The substrate was annealed in air 
at 650~ for 1 h prior to etching and resulted in a trench 
sidewall angle of45 ~ . This was an optimal annealing condi- 
tion in that isotropic etching behavior was attained with- 
out warpage and phase separation f a barium oxide-rich 
phase in the glass. An etching solution of 1:4 (HF:NH4F) 
was used to optimize the annealing conditions for the Cor- 
ning 7059 glass. Corning 7059 glass has an annealing point 
of 630~ and a strain point of 593~ which was approxi- 
mately the same condition used here to optimize the side- 
wall angle of the etched substrates. 
However, these concentrated buffered HF etching solu- 
tions attacked the photoresist overhang and made subse- 
quent liftoff extremely difficult. A second optimization 
process was undertaken to produce the desired trench pro- 
file without attacking the photoresist overhang, which 
could be as large as 1 ~m depending on trench depth. An 
etching solution of 1:8 (HF:NH4F) produced etch rates of 
100 nm/min and 45 ~ sidewall angles without attacking the 
photoresist overhang. An SEM micrograph of a wet-etched 
trench formed in annealed 7059 glass with the photoresist 
overhang still intact is shown in Fig. 6. 
When the Corning 7059 glass substrates were annealed at 
temperatures greater than 650~ some phase separation i  
this barium borate glass occurred. An optical micrograph 
of the bottom of a trench formed in 7059 glass that was an- 
nealed at 700~ is shown in Fig. 7. Here, crystallites were 
observed in the glass after etching, which can be attrib- 
uted to either a phase separation/crystallization of a bar- 
ium oxide-rich phase or an acid-induced crystallization 
process within the glass itself. In either case, this could 
Fig. 5. SEM micrograph of wet-etched trench formed in annealed 
Corning 7059 glass substrate. Substrate was annealed in air at 650~ 
for 1 h prior to etching. Trench profile was produced with 25% buffered 
HF solution. Note 45 ~ sidewall angle. 
Fig. 6. SEM micrograph of wet-etched trench formed in Corning 
7059 glass, showing photoresist overhang intact after etching. Trench 
profile was ~roduced with a 20% buffered HF solution. 
have a major effect on the surface topography of the over- 
lying bus metal and ITO films and could possibly lead to 
dielectric breakdown. Therefore, in addition to warpage 
considerations, excessive annealing temperatures (T > 
650~ should be avoided to prevent undesirable topogra- 
phies. 
Alternatively, argon ion milling was used to trench the 
glass substrates and obtain vertical sidewalls. An SEM mi- 
crograph of an ion-milled trench formed in Corning 7059 
glass is shown in Fig. 8. Here, a trench profile with vertical 
sidewalls was produced without any photoresist over- 
Fig. 4, SEM micrograph of wet-etched trench formed in as-received 
Coming 7059 glass substrate. Trench profile was produced with 25% 
buffered HF solution. Note extremely shallow sidewall angle. 
Fig. 7. Optical micrograph of bottom of wet etched trench showing 
crystallization of glass substrate. Glass was annealed at 700~ for i h 
and etched in 25% buffered HF solution to produce the trench. 
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Fig. 8. SEM micrograph of ion-milled trench in Corning 7059 glass. 
Note a trench profile with vertical sidewalls was produced with this dry 
etch process. 
hang. This made the lift-off process considerably more dif- 
ficult and resulted in nonuniformities at the edges of the 
metal lines. A combination of dry and wet etching or 
plasma etching is expected to yield vertical trench profiles 
with some photoresist overhang. Optimization of the dry 
etching process to form trenches in the 7059 glass has not 
been completed. 
Electrical characterization.--Calculated sheet resist- 
ances for the augmented electrode structure fabricated 
with both high- and low-resistivity ITO are shown in Fig. 9. 
The three curves showing the effect of bus metal thickness 
on sheet resistance were calculated assuming ideal parallel 
resistors and aluminum as the bus metal. Based on these 
results, bus metal thicknesses greater than 250 nm would 
be sufficient o achieve composite sheet resistances less 
than 1 ~/[~. Also, for bus metal thicknesses greater than 
500 nm, the composite line resistance is relatively invari- 
ant with respect o ITO sheet resistance and ITO quality. 
This implies that very thin ITO films could be employed 
and that variations in ITO conductivity across a panel 
would have little effect on the composite line resistance. In 
short, Fig. 9 shows that the augmented electrode structure 
provides desirable process latitude regarding composi- 
tional and thickness variations involved in ITO prepa- 
ration. 
Figure 10 shows the augmented and ITO sheet resist- 
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Fig. 10. Sheet resistance of ITO and augmented electrodes fabricated 
with an AI-Ti bus as a function of heat-treatment temperature. 
bus metallization system. This figure shows that the ITO 
sheet resistance decreased with increasing annealing tem- 
peratures, whereas the augmented electrode sheet resist- 
ance was relatively independent ofannealing temperature. 
The ITO sheet resistance was approximately half of the as- 
deposited value after annealing in vacuum at 400~ for 
0.5 h. Once again this demonstrates the relative insensi- 
tivity of the composite line resistance to ITO quality. It 
also suggests that interfacial reactions were minimized 
with this structure during heat-treatment. A similar set of 
results was obtained for the augmented electrode struc- 
tures fabricated with a Ti-Ag-Ti trench metallization sys- 
tem, as shown in Fig. 11. It appears here that the composite 
line resistance is even more insensitive to heat-treatment 
temperature compared to the A1-Ti metallization system 
where no interfacial reactions occurred between the bus 
metal and the ITO. For both metallization schemes, aug- 
mented electrode sheet resistances approaching 0.1 ~/D 
were realized. 
Figure 12 shows the contact resistance of the four differ- 
ent metallization systems used in the augmented electrode 
structure after heat-treatment at 400~ For the aluminum 
and silver metallizations, the three bars correspond to 
three different metal thicknesses: (i) 0.25 ~m, (ii) 0.5 ~m, 
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Fig. 9. Sheet resistance of augmented electrode as a function of bus Fig. 11. Sheet resistance of ITO and augmented electrodes lab- 
metal thickness, ricated with an Ag-Ti bus as a function of heat-treatment emperature. 
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AI/ITO AI/Ti/ITO Ag/ITO Ag/Ti/ITO 
Fig. 12. Contact resistonce of ougmented electrodes after heat- 
treatment at 400~ 
metal l izat ions cor respond to three di f ferent Ti film thick- 
nesses in the structure:  (i) 750, (ii) 1000, and (i i i) 1500 A, re- 
spectively. In the AI-ITO system, contact  res istances as 
large as 80 ~ were observed for contact  areas measur ing  
1.6 • 103 ~m 2. However,  ext remely  low contact  resistances,  
on the order  of 1-2 m~,  were observed for the  Ag-ITO sys- 
tem. This  suggests  that  interfacial  react ions between the 
A1 and  ITO had  occurred dur ing  heat - t reatment  a these 
temperatures  and  the react ions between Ag and  ITO were 
less pronounced.  
Th in  fi lms of t i tan ium were employed to min imize  inter- 
facial react ions between the bus  meta l  and  the ITO. The ef- 
fect iveness of these th in  Ti layers in prevent ing  undesi ra-  
ble interfacial  react ions is shown in Fig. 12 as well. In the 
A1-Ti-ITO system, the th in  Ti layers (750 A thick) did l ittle 
to prevent  interd i f fus ion and  interfacial  react ions between 
the a luminum and ITO, as ind icated by the h igh  contact  re- 
s istance measured  (40 ~ for a contact  area of 1,6 • 103 ~m2). 
However,  th icker  Ti f i lms (100 and  150 nm) were much 
more  effect ive in reduc ing  the contact  res istance in the 
augmented  e lectrode structure.  These results  appear  to be 
consistent wi th those reported in the literature for AI-Ti 
contact metallurgies in VLS I  applications (14). Here  it was  
reported that 600/~ of Ti was  consumed by  reaction with 
a luminum to fo rm TiAl3. This resulted in a corresponding 
increase in contact resistance. In the present study, it is 
likely that the thin Ti layer was  totally consumed by reac- 
tion with Al, wh ich  can then readily diffuse through the 
TiA13 layer and  react with the ITO. The  thin Ti layers in the 
Ag-T i - ITO sys tem appeared  to have little effect on  the con- 
tact resistance, as might  be expected since the Ag- ITO sys- 
tem itself exhibited very low contact resistances, on  the 
order of 1-2 m~.  However ,  in a separate series of experi- 
ments  using very thin t itanium and silver films, some in- 
terfacial reaction was  observed at temperatures as low as 
125~ as ev idenced by  an increase in equivalent sheet re- 
sistance for corresponding thicknesses of metal. 
The  high contact resistances observed for the A I - ITO 
sys tem and the AI-Ti- ITO sys tem with thin t itanium can at 
least be partially explained in terms of interfacial reduc- 
tion reactions occurring at these temperatures. If In203 and  
SnO 2 are partially reduced  by  the a luminum bus metalliza- 
tion and  the rate is adequate, a thin layer of A1203 can form, 
leading to the high contact resistances observed. Similar 
reduction reactions have been  observed in ITO (8), where  
oxygen-deficient yttria has reduced the ITO during deposi- 
tion and  actually caused line b lackening of the transparent 
electrodes. Since ITO has a relatively high oxygen defi- 
ciency to start with, a small amount  of oxygen deficiency 
induced  by  such a reduction reaction can cause the ITO to 
turn black. In the case of the bus meta l - ITO systems inves- 
tigated in the present study, the oxides of the bus  metal  in 
contact wi th the ITO wou ld  have to be more  stable than 
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Fig. 13. Augmented electrode sheet resistance as a function of bus 
metal sheet resistance. 
The s tandard  free energies of format ion  for the three dif- 
ferent  d i sp lacement  react ions poss ib le  wi th  these metall i -  
zat ion systems are shown below 
4/3 A1 + 2/3 In203 = 4/3 in + 2/3 A1203 
Ti + 2/3 ln203 = 4/3 in + TiO2 
4Ag + 2/3 ln20~ = 4/3 In + 2Ag20 
4/3 A1 + SnO2 = Sn +2/3 A1203 
AG ~ = -248 kcal [1] 
AG ~ = -72  kcal  [2] 
AG ~ = + 130 kcal  [3] 
AG ~ = -252 kcal [4] 
Ti + SnO2 = Sn + TiO2 AG ~ = -79  kcal  [5] 
4Ag + SnO2 = Sn + 2Ag20 AG ~ = + 122 kcal [6] 
The react ions ind icate  that  the a luminum and t i tan ium can 
reduce both  In203 and  SnO2 at these temperatures ,  
whereas  the si lver bus  metal l izat ion cannot  reduce these 
oxides. These  react ions also show that  there  is a much 
larger dr iv ing force for the  a luminum reduct ion  react ion to 
occur  than  the t i tan ium react ion to occur, wh ich  is consist-  
ent  w i th  the  contact  res is tances shown in Fig. 12. The  ex- 
tent  of interd i f fus ion of the  di f ferent metals  into the  ITO 
dur ing  heat - t reatment  has  not  yet been  determined.  How- 
ever, it is bel ieved that  the format ion  of an oxide layer at 
the  metal- ITO inter face would  reduce the migrat ion  of the  
metals.  It is also poss ib le  that  other  barr ier  metals  such as 
chromium,  that  have an oxide stabi l i ty s imi lar to ITO, may 
be bet ter  sui ted in these appl icat ions.  Also, the  use of re- 
f ractory meta ls  as di f fus ion barr ier  f i lms may be advan-  
tageous, part icular ly  if the i r  cor respond ing  oxides are not  
as stable as In203 and  SnO 2 at these temperatures .  
F igure 13 shows the effect of  the bus  meta l  sheet  resist- 
ance on the augmented  electrode sheet  resistance. Here, it 
is shown that  as the bus  meta l  sheet  res istance is in- 
creased, or meta l  th ickness  decreased,  there  is a larger de- 
v iat ion f rom the calculated sheet  res is tance of the aug- 
mented  structure,  wh ich  is based on ideal paral lel 
resistors. This  suggests  that  as the conduct ive  bus  meta l  
th ickness  (t=) decreases,  the  ratio (ht=/t=) will increase for a 
g iven reacted layer th ickness ,  where  (Ate) is the  change in 
bus  meta l  th ickness  due to interfacial  react ions wi th  the ti- 
tan ium di f fus ion barrier.  Even  if the resu l t ing intermetal -  
lic compounds  are conduct ive,  e i ther  intr insical ly or due 
to porosity,  its resist iv i ty wil l  be greater  than  that  of the  
pure  meta ls  and  the compos i te  res is tance will increase. 
Also, it shou ld  be noted  that  the ideal-calculated curve for 
the augmented  e lectrode sheet  res is tance has a slope of 5, 
wh ich  is the  aspect  ratio of the l inewidths  for these com- 
posite electrodes. 
Conclusions 
A h igh-conduct iv i ty  e lectrode sys tem for th in  fi lm elec- 
t ro luminescent  d isplays has been demonst rated ,  where  
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the low conductivity transparent electrodes have been 
augmented by high conductivity buses of aluminum or 
silver. These electrode systems employing A1-Ti and Ag-Ti 
contact metallurgies lowered the sheet resistance by two 
orders of magnitude r lative to the unaugmented ITO elec- 
trodes and yielded absolute values on the order of 0.1 ~/E]. 
This represents a significant improvement in sheet resist- 
ance and will permit the fabrication of large-area TFEL 
displays without he present limitations placed on the cur- 
rent state-of-the-art t ansparent electrodes. 
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A Study on Electroplated Cathodes and Their Mercury Process 
for Plasma Display Panel 
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Oki Electric Industry Company, Limited, Hybrid Microelectronics Department Research Laboratory, 550-5 
Higashiasakawa-cho, Hachioji-shi, Tokyo 193, Japan 
ABSTRACT 
Effect of Co-W electroplating on the conventional Ni thick film cathode and Hg immersion process on discharge char- 
acteristics were investigated. The Co-W alloy, containing 16 atoms percent (38 weight percent) were plated for various 
times (from 1 to 15 min) after all firing processes. The coverage of Co-W plated film increased with increasing plating time, 
and after plating for 15 min the whole surface was covered. By Co-W plating, the discharge current, brightness, and lumin- 
ous efficiency improved. However, the discharge characteristics did not depend on plating time; the plated cathodes 
showed similar discharge characteristics. The electroplating method was effective for both fabrication of cathode lec- 
trodes as well as the evaluation of cathode material, because it became unnecessary to prepare thick film paste with high 
reliability. The new mercury process, immersion of the cathode in mercury, was useful for electroplated cathodes. Since 
the surface of the electroplated cathode was active, mercury was reacted with it. The discharge characteristics of the panel 
with the new Hg process are the same as that with conventional one. Therefore, the new process is not only low cost but 
also has intrinsic advantages, because it used an active surface that had intrinsic properties of electroplated film. It was 
concluded from the investigation that the electroplating of the cathode lectrode and the process of Hg-immersion are 
useful methods of preparation and evaluating of the cathode lectrode of the plasma display panel. 
Many types of flat panel display are being built (1). Since 
the dc-type plasma display panels (PDP) have advantages, 
such as ease of making large panels and mass production 
(2), many workers are investigating them. 
The display system of the dc-type PDP is as follows. 
High voltage is applied between anodes and cathodes to 
produce plasma discharge. The plasma discharge is self- 
emission, and its response is very fast. The above proper- 
ties are advantageous for display devices. As the cathodes 
of the dc-type plasma display panels are exposed in the 
discharge space, the discharge characteristics are greatly 
influenced. Therefore, the material of the cathode is very 
important. 
According to previous investigation (3), the following 
five conditions are required for cathode materials: (i) low 
work function to lower driving voltage; (ii) chemically sta- 
ble and easy to treat; (iii) low sputtering yield to lengthen 
life span; (iv) not being affected by the fabrication process 
of the panel; and (v) applicable to large panel. 
Now, according to conditions (ii), (iv), and (v), the nickel 
thick film prepared by the screen printing method was 
used as the cathode electrode. However, from the view- 
point of condition (i), nickel is not suitable because of its 
high work function value, 4.84 eV. Moreover, from the 
viewpoint of condition (iii), the nickel is not suitable, the 
addition of mercury (Hg) suppresses the sputtering and 
lengthens the life span. Therefore, to lower driving voltage 
and to lengthen life span, the development of new cathode 
materials i required (3, 4). From conditions (iv), (v) and ac- 
cumulated technologies, the screen-printing method is the 
most suitable for the preparation ofthe cathode lectrode. 
However, the firing processes of more than 500~ limits the 
kinds of applicable metal. Since it is difficult to prepare 
the paste with high reliability, avoiding oxidation, and ag- 
gregation, there are only a few reports for aluminum (A1) 
(3) and lanthanum boride (LAB6) (3, 4). Therefore, a new 
preparation method for the cathode is necessary in order 
to investigate new cathode materials. In this paper, the 
conventional Ni thick film cathode is fabricated in ad- 
vance as the underlayer cathode. Then, after the complete 
firing processes, the cathode electrode is electroplated. 
This method makes it possible to investigate new cathode 
materials using accumulated technologies. Moreover, the 
new mercury process to lengthen life span, immersion in 
mercury, is reported. 
Experimental 
Figure 1 shows the conventional fabrication process. On 
the window panel, the anode electrode was vacuum evapo- 
rated indium tin oxide (ITO). Next, the anode lead and 
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